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Sources & EM emissivity: Rates
Modelling the evolving system:
3D viscous hydro
Fluctuating initial states

How are the photon yield and v:
dependent on the dynamics?

Photons as a characterization tool:
Temperature (& shear viscosity)

Status of our interpretation of the
data



Why study photons and dileptons in relativistic
nuclear collisions?

OPenetrating probesz neqgligible final state effects
(o)

OReal and virtual photons are complementary,
and Ekev supptemam& hadronic observables

OThermal photon emission rate favours hotter
zones of the colliding svs&em

Ofmitted throughout the collision Ms&or:’
OLow emission rates

OProcedure: Calculate thermal emission rakes &
wse kvc&rodvhamits to wmodel bthe evolukion.
Integrate rates over whole his&orv )
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Sources of photons in a relativistic
nuclear collision:

Hard direct photons. pQCD with shadowing
Non-thermal

Fragmentation photons. pQCD with shadowing
Non-thermal

Thermal photons

Jet-plasma photons
Thermal

Thermal

Jet in-medium bremsstrahlung
Thermal

3
’Pre-equilibrium? '
Charles Gale .
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INFO CARRIED BY THE THERMAL RADIATION
g d’k 1 Bk, .
dR = e 7 21t) 0(p. —p. — k
5 2y Z; ;< ) 6(p,— p, — k)
X XL, 1)

Thermal ensemble average of the current-current correlator

Emission rates:

d R e |
5 ImHR L(,k) o (photons)
d ko 2r) —1
d°R 2¢° 1 |
EE ————=""_—["ImIl* (0,k) —— (dileptons)
d’pdp (2n) k 3 e —1
Feinberg (76), McLerran, Toimela (85) 4
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(FOR DILEPTONS:)

VMD

Im<JJ, > =Im<pp > =1ImD = Vector spectral density
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Thermal Photons from hot QCD: HTL program (Klimov
(1981), Weldon (1982), Braaten & Pisarski (1990);
Frenkel & Taylor (1990))

/ o T \ Kapusta, Lichard,
ImI"* ~In Seibert (1991)
Ru " | Baier, Nakk
(m (~ gT)) aier, Nakkagawa,
\ [\ /  Niegawa, Redlich (1992)

Going to two loops: Aurenche, Kobes, Gélis, Petitgirard (1996)
Aurenche, Gélis, Kobes, Zaraket (1998)

\\// % \f// I
/}\ ! C o ~

o-linear singularities:

/\ Y \mth/

1]

I

2001: Results complete at O(OCS)

Arnold, Moore, and Yaffe JHEP 12, 009 (2001); JHEP 11, 057 (2001)
Incorporate LPM; Inclusive treatment of collinear enhancement,

photon and gluon emission
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Going beyond LO AMY rates?

e Approach 1s LLO, but
o, ~02-0.3

eIntegral equation can be
written 1n terms of a Dyson-
Schwinger type 1teration...

which contains a scattering
kernel:

2
m -
C(qg, )‘ o= gZC ol D Aurenche, Gélis, Zaraket (2002)

q.(q; +mp)

The techniques used to derive this - and all results 1n perturbative,
finite-temperature field theory - rely on the scale separation:

gl <7

soft <« hard
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The LO-NLO scattering kernel(s)

Clue that NLO effects might be important: Heavy quark diffusion

C(qj_ )‘ LO — C(qJ_ )‘ NLO Simon Caron-Huot PRD (2009)

 OFTITEX

2.5 18
S 16 .
~ 2 7 \\\\}\Text—to—leading order 1 . ul7 . Next-to-leading order
E‘ ’ ) E‘ 12 : \\\ _|
~ ~ S
w1 15 — o — ~
) / 10 - S |
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-4 1 N -
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O Leading order 3
05 ] r Leading order |
2 - a, = 0.3 -
0 0 | | | | |
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/T q./T
Possible large effects on photon production!?
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(LO + NLO) / LO

N
(6]
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\V)
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(63
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o

The LO-NLO scattering kernels
Ghiglieri, Hong, et al., JHEP (2013)

The two main contributions:

o

1984

N

Simon

C(q, )= ngCR 5

2
Mo S NLO

2 2
q. (QJ_ T mD)
Caron-Huot PRD (2009)

Enhanced at NLLO

ELE

Nf=3
(LO+NLO)/ LO
uncert. est.

2 4 6 8 10 12 14 16 18

k/T

(LO+NLO)/ LO

25

1.5

0.5 -

Larger angle bremmstrahlung

Suppressed at NLO

Nf=3
(LO+NLO)/ LO
uncert. est.

0=0.15

2 4 6 8 10 12 14 16 18 20
k/T

- | @ Net correction to photon production

rate 1s modest up to high k/T

e Techniques developed here have

many more applications in FTFT
e Perturbative
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ELECTROMAGNETIC RADIATION FROM HADRONS

Chiral, Massive Yang-Mills:
O. Kaymakcalan, S. Rajeev, J. Schechter, PRD 30, 594 (1984)

L :%pﬁ Tr D, UD*U" +%F,3 TrM(U+U")

1
- T (Fo F™ + Fg F™ ) mTr (A A™ + 47 4™)

+ non-minimal terms

Parameters and form factors are constrained by
hadronic phenomenology:

*‘Masses & strong decay widths
*Electromagnetic decay widths

*Other hadronic observables:

reg. a1 — mwp D/S  (Seealso, Lichard and Vojik, Nucl. Phys. (2010);
Lichard and Juran, PRD (2008)) 10

EM emissivities computed: Turbide, Rapp, Gale, PRC (20()4?; \.
BROMMAYEN.  Turbide, McGill PhD (2006) cherestnle &S




ELECTROMAGNETIC RADIATION FROM HADRONS

All allowed s-, t-, and u- Born graphs of the reactions:

X+Y 5 Z+y
p—>Y+Z+y XY, Ze{p,m,K K}

K ->Y+Z+y

10° in-med HG [RW99] 1 10° —— in-med HG [RW99]{ 10° | _____I n+K* _; Ky 1
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11
Turbide, Rapp, and Gale, PRC (2004)
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COMPARING RATES

107 \ in-med HG [RW99]
....... N -———- mpa, + ot—ch + KK*
- N —-—-- QGP 1-loop [AMY02]
w; .
o 10
Q) 1
£ 10 Integrate rates with
O 1
s - hydro evolution
s T=200MeV
o ]
10° o7
0 o 0.5 o 1 o 1.5 o 2 o 2.5 o 3
q, [GeV]
Turbide, Rapp, and Gale, PRC (2004)
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PHOTONS @ RHIC: RATES ARE INTEGRATED USING
“STANDARD” RELATIVISTIC HYDRODYNAMIC MODELLING

10 F
»  Au+Au at RHIC |
— -l
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Turbide, Gale, Frodermann, Heinz, PRC (2008);
BROOKHIAEN Higher PT: G. Qil’l et dl., PRC (2009)
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At low pr, spectrum dominated by thermal
components (HG, QGP)

At high pr, spectrum dominated by pQCD

Window for jet-QPG contributions at mid-
pr?

All hydro calculations undershoot low pr
photons

10" — ‘ ‘
Y, — total photons
0 N - - thermal photons
= 107 ¢ 20N - prompt photons |
|> M ] # # Exp. data
G 107
g
51072
g.
S
E\]ti 10
= L@
= 107} _ 0 N
MCGIb. 1/s=0.08 0-20% @ RHIC ..
107 ‘ ‘ ‘ ‘ ‘ ‘ ‘\\
05 10 15 20 25 3.0 35 4.0
pr (GeV)
. 13
Shen, Heinz, Paquet, Gale,
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ONE OF THE USES OF PHOTONS: CHARACTERIZING THE HOT
MATTER CREATED AT RHIC
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BEYOND SIMPLE SPECTRA: FLOW AND CORRELATIONS

“ooap el |

* Soft photons will go with the flow /\*‘"{ ._.j_._.___._.____.__l.___.,__. (2008)
* Jet-plasma photons: a negative vs oot | __

+ Details will matter: flow, T(t). . . ST e R

Turbide, Gale, Fries PRL (2006) >N0'25§ m . EPY,‘,I:O -

Low p;: Chatterjee et al., PRL (2006) VA . e (narag)

All py: Turbide er al., PRC (2008) W %%
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PROGRESS IN CHARACTERIZATION TOOL: -
3D Viscous RELATIVISTIC HYDRODYNAMIC m
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| PHENIX®  +~©—
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e 1
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0.01 . . e ‘
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pt [GeV]

MUSIC: 3D relativistic hydro
Ideal: Schenke, Jeon, and Gale, PRC

(2010)

FIC and Viscous: Schenke, Jeon, Gale,

PRL (2011)
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THE EFFECTS OF SHEAR VISCOSITY ON BULK DYNAMICS

uv U, v uv
THY — THY | v Israél & Stewart, Ann. Phys. (1979), Baier et al.,

ideal JHEP (2008), Luzum and Romatschke, PRC (2008)
U
d,(su)e<n

20-30%

.| Ys(N/s=0.08)/v,(ideal) -
1.2 Flv_(n/s=0.16)/v, (ideal)

e Viscous evolution starts|
with a lower T

o drop is slower than id¢

o
N
D
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THE EFFECTS OF SHEAR VISCOSITY ON THE PHOTON
DISTRIBUTION

In-medium hadrons:

1 1
Jow"p,)=

(2m)” expl(u”p, — )/ T1£1

1
T
Po(e+P)T?

R _ & d’ d’p, . . E)f(E,)|1+ f(E,
q 227) E, 227) E, 227) E 2(21)

f=f+8f, 6f=f0x2nr) £)p*p”

4

One considers all the reaction and radiative decay channels of external
state combinations of:

{775 K p,K ' ,dl} With hadronic form factors

+ QGP Photons 18
< Foo

BROOKHIVEN Charles Gale \'i:\ |
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THE EFFECTS OF SHEAR VISCOSITY ON THE BULK
DYNAMICS

L5 ' ' ' . 1.5
N @ | N )
0.5 - 05 F
~ 0 b~rrmmimmme e e T T T AR s S A aaad ~ R R N N b pmpesmsove= D
e R S —
= 05y 7 = 05}F
£ o —— £ a1
i Z i
® 15 m ® 15 .
ii ii T T : '!' T
-2 1| !_i ny e T -2 1| !_i nyy ........... .
2.5 L/ T - 95 7 i — |
- XY 42l e
_3 1 1 1 1 _3 | | | |
0 2 4 6 8 10 0 2 4 6 8 10
T-T( (fm/c) -1, (fm/c)
e Large at early times
e Small at later times: viscosity corrections to the
distribution functions will also vanish
19
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THE NET THERMAL PHOTON YIELD & V>

- ideal h}lldro _
1()0 : viscous hydro with corrections ------ ]
C\IA -1
'> 10" ¢
2
g 10_2 3
o 5
2 107 ¢
Z o
oo L
0 10
1()_5 3
10‘6 ] ] | | A | |
05 1 15 2 25 3 35 4
pT (GCV)
0.035
0.03 r
0.025
S 0.02
0.015 |
ool _'s ideal hydro
0.005 viscous hydro with corrections ------
05 1 15 2 25 3 35 4
pT (GGV)
BROOKHFAEN

NATIONAL LABORATORY M Dion et al., PRC 2011

Viscous corrections make
the spectrum harder, %100%
at pr = 4 GeV.

Increase in the slope of
=15% at pr = 2 GeV.

Once pQCD photons are
included: a few % effect
from viscosity

The net elliptic flow is a
weighted average. A larger

QGP vyield will yield a
smaller v..

20
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INITIAL STATE FLUCTUATIONS: A PARADIGM SHIFT

IN HEAVY ION ANALYSES

0-5% central

. 12
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h*" vy [%]
o

1=0.4 fm/c
600
500
400
— q—'_' —
£ 300 £ £
> ‘:‘ >
200
100
0

10 -5 0 5
x [fm]

Schenke, Jeon, Grale, PRL (2011)
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MOVING INTO THE 'CHARACTERIZATION” PHASE...
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ALL TOGETHER NOW: FICS + VISCOSITY

NATIONAL LABORATORY

Dion et al., PRC (2011) [FIC+Visc.]
Chatterjee et al., PRC (2011) [FIC]

; AIC,m/s=0 ——
100 b AIC, /s = 1/4m ------
Ty
> 107
o L
Q 102 |
2
2 107 ¢
Z
o) 4 L
m 10
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pt (GeV)
0.035
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AIC,/s=0 ——
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0005 1 1 1 1 1 1 1
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BROOKHFAEN

Combined with viscous

corrections, FIC yield an
enhancement by =5 @ 4 GeV,
and =2 @ 2 GeV

Temperature estimated by
slopes can vary considerably

A combination of hot spots and
blue shift hardens spectra

FICs enhance vo1n this
centrality class (0-20%), as for
hadrons

Net v21s comparable 1n size to
that with 1deal medium, 1n
this centrality class

23
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PHOTON V2 DATA?

[TTTTT]TTTTT]I
-V, of thernlal ph(Lto |

TT T[T T T T [ TTT1
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TTT T [TT T TTTTTT
RHIC

@ PHENIX (BBC)

B } — smooth (MC) ]
: o -o Vv, (RP) :
—oe Vv, (PP)

— ) ¢ 2 -
i ) |
H: [ -
- 20-40% Centrality bin N
" 6=0.4 fm, 1= 0.17 fm/c { .

[ 111 | [ 111 | [ 111 | [ 111 | Im - ! — ] '_
S 10 15 20 25 30 35 40 45 50 55

Pr (GeV/e)

Chatterjee et al. (2013)
Dion et al. (2011)

RHIC

Data 1s higher than calculation, even with e-b-e 1initial
state fluctuations, and i1deal hydro

S1ze comparable with HG vo

BROOKHIAVEN
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PHOTON V2 DATA?

Pb+Pb, 2.76 TeV 0-40%
LHC

1O3V L L I N R E 02— ———————7——
B Wilde (ALICE prellmlnary_) —eo— ] | —e— Lohner (ALICE preliminary)
i Thermal+prompt+non-cocktail i Thermal+pQCD+non-cocktail
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—~ 10° ¢ Thermal ==== = I ermal+pQ
(\IU F Prompt = - [ ==== Thermal (QGP+hadron gas)
N QGP ] 015 — Q°P £ ]
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> |
S 100 ¢ i 3 {
= > -
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=~ 10 } 7
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Paquet et al., (2014)
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SOME FACTS AND SOME LEADS

FICs are here to stay. “Initial temperature” is 1ll-defined.

Some room to explore systematically hydro initialization and
parameters. This requires consistency with the hadronic data.

Making the QGP signal larger will decrease the va. The T=0
photons, decrease va. Suppose 2 sources:

d dN' dN*
v, :Jd¢;;lcos(2(¢—w)) i Jd¢ CZ) cos(2((p—l//))+ Jd(/) c]l\; cos(Z(gb—l//))
dN B dN dN
J-d¢d¢ Jd¢cl¢ J-d¢d¢

For each source:
l. dN'
vV, = Jd¢

dg

cos(2(¢p—y))

Tension between rates and elliptic flow for QGP signal

Missing strength in the hadronic sector(?) %

IR
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SOME FACTS AND SOME LEADS

Can we 1mprove on the hadronic rates? Baryons? Baryons
+mesons? How important 1s bremsstrahlung?

Early-times magnetic field effects? (Basar, Kharzeev,
Skokov, PRL (2012); Basar, Kharzeev, Shuryak, arXiv:

1402.2286)

Non-perturbative effects? Glasma effects (McLerran,
Schenke, arXiv:1403.7462). See L. McLerran’s talk. Semi-
QGP: see S. Lin’s talk.

Is the large photon elliptic flow telling us about the
dynamics?

Non-zero 1nitial shear tensor? Primordial flow? Can we
1mprove on the hydro initial states?

Can we 1improve on the hydrodynamic evolution? Is the
pQCD contribution really well-known?

27
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THE “"PQCD PHOTONS”

pp — v X at Vs = 200 GeV with lyl < 0.35

pp — v X at Vs = 200 GeV with lyl <0.35

_3 1.07\ T T | T T T T ‘ T T T T ‘ T T T T ‘ T T T T ]
10— L L N B B O B = - PDF: CT10, FF: BFG I .
E 09; 7”R=HF=MD=pT {
] E ,uR=uF=pT,uD=2pT E
-4 b 0.8F - m=w =p.u =05p - -
107 E E c k .
= - 207 -
: : S LN\~ 7T 1
B ] 2 0 Gi ----- direct e
5L - 5k E
o 10°F e 0 0.5 =
% — . 3 ]
8 - : 804 "N -
8 ool ] N :
o S = 303 3
E - : e ]
— - . o2 T 3
_8_|_1 0-7 = = 0-1; fragmentation é
b l_ E E E\ | | | | | | | ‘ | | | | ‘ | | | | ‘ | | | | | E
Cle  or 7 0.0 5 10 15 20 25
z’ 10 E_ _E Photon fragmentation functions
~— le E E :\ FTTT ‘ FTTT ‘ FTTT ‘ FTTT ‘ FTTT ‘ T !_\ EF\‘G\ ; T ‘ 1T \7
9 i i
107 g T _ = _
= CT10 with uR_uD_O.S P uF_2 P, S 102k BFG Il ~
: __ BFG | : j\ .................. GRV NLO ;
1010 —— BFGI _ L T y=2GeV -
E GRV NLO = < T— T 7
o t  PHENIX with stat. error ] 107
1 0-11 L1 1 IR R R S | N
) 10 15 20 ~

p; (GeV)

10
Klasen & Konig, arXiv:1404.2290v2

10'5?

Gluon FF effects vary by an order of magnitude 017020,
BROOKHAUEN See J-F Paquet’s talk|
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ELLIPTIC FLOW AND SPACE-TIME DYNAMICS

e In a thermal fireball picture, the net photon yield is sensitive to the value of the
acceleration parameter, and to details of the 1nitial state. The photons do report
on the details of the dynamics.

e How uniquely determined are these? How unique is the entire evolution?

1/2 7 py) d*N/dp, dy (GeV™>)

qo AN/d’q (GeV™)

BROOKHIAVEN
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'PHENIX 7" (av. 0-20%) —*—

7t ell. fireball (0-20%) ——
p ell. fireball (0-20%) ———-

PHENIX p (av 0-20%) —&— |

pr (GeV)

\
£\

0-20% IAu-Au, Iy'I<0.35 hadron gas —— —-

QGP —-—

. N . .
EN Y primordial - - - -

7/

.o S N total
SN PHENIX

N
~

pr (GeV)

0.4

03

02 r

0.1

0.25

02|

0.15

0.1

0.05

0

| PHENIX 1i° (0-20%)

PHENIX 1T + K (0-20%)—*—
PHENIX p (0-20%)

7 ell. fireball (0-20%)
p ell. fireball (0-20%)

0
pt (GeV)
PHENIX dir y (BBC) —e—i
PHENIX dir Y (RXN) —t—
model (a)
model (b)
% [ lok
SRARE
* | A
0 1 2 3 4
pr (GeV)

van Hees, Gale, Rapp, PRC (2011)
Smooth fireball, Primordial flow, a slightly different set of resonances, baryons

See H. van Hees' talk|

Charles Gale
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BEYOND GLAUBER: IP-GLASMA + MUSIC

EFFECT ON HADRONIC OBSERVABLES
Flow harmonics reproduced up to vs at RHIC and LHC

Distributions of vy at LHC

100 ¢
= - 20- 25% € IP Glasma -----
N 10 & v, IP-Glasma+MUSIC =~ ——
& : v, ATLAS —
A [
= 1F
QY E
\>/ [ .-
;N 0.1 3 Pt > 0.5 GeV
o 1K Inl <2.5
0.01 = ' ' ' -2 '
0 0.5 1 1.5 2 2.5
Vo/(Vo), €5/(Es)
100 . : :
= 20-25% |e5IP-Glasma 0 -----
< 10 v5 IP-Glasma+MUSIC =~ —
w vg ATLAS —e—
o
= 1
0 -
<
R 0.1 pr>0.5GeV
a Inl <2.5 o).
0.01 ' ' ' ' —
0 0.5 1 1.5 2 2.5
Val(V3), €3/(€q)
100 T I 1
= - 20-25% |g4 IP-Glasma 0 -----
L 10 | v, IP-Glasma+MUSIC =~ ——
o é v, ATLAS ——
A [
= 1
3 E
\>/ [ -
K 0.1 = pr>0.5GeV
a ' Inl <2.5
0.01 ' ' ' ' —
BROOKHIVEN o 0.5 1 1.5 2 2.5
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V4 (Vy), €41(€4)

IP-Glasma + MUSIC provides
consistent flow systematics at

RHIC & LHC

Contains an initial flow:

Investigating the effects on
EM variables

Gale, Jeon, Schenke, Tribedy, Venugopalan
PRL (2013)

Charles Gale
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Is the hydrodynamic modelling complete?

In the last ~5-8 years, relativistic hydrodynamics has
undergone a revolution

3D
3D - Shear viscosity
3D - Shear viscosity - Fluctuating initial conditions

3D - Shear viscosity - Fluctuating initial conditions alsoin y

What's left?

T" =—-Pg" +wuu’ + AT*

The dissipative terms:

2
AT#V — n(A.UuV + Avu,u)_l_(gn _é’)H,UV apup _%(Hu(xuv + Hvocuv)Qa
\No simulation incorporates all of these] 31
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>
{ = 1517(%— Cszj S. Weinberg, Ap. J (1971)

1
G = 7377(5—03

BULK VISCOSITY?

2) A. Buchel, Phys. Lett. (2008)

2
j G. Denicol et al., PRC (2014)

Bulk viscosity vanishes 1n conformal fluids. QCD 1is only very
approximately conformal:

(e-3p)/T*
8 i
6 o

asqtad, N.=8 - =

BHOOIIQR"EN 250

NATIONAL LABORATORY

400 550 700
Huovinen & Petreczky

0.4

0.35

0.15

0.1

\

Ideal Gas

—
————’___
’—‘—
-

Lattice

\ I

\ I
\ I
\\_’C ~/ 02577

100 150 200 250 300 350 400 450 500
K. Dusling

T [MeV]



BULK VISCOSITY EFFECTS ON PHOTONS?

Ideal photon vy (qr) Viscous photon vo(qr)
0.25 —_———————— 0.25 ——
_-7QGP oo Ideal
-7 HRG --- {/s=0.02 -+----e:

0.2 | Rt Total 0.2 {/s=0.04 ——— A
0157 /i’/ 1 AL
< .’ <
T oot * ? T T ot

0.05 | 0.05 | 7"

. . o K. Dusling (2012)
e Bulk viscosity enhances the elliptic flow

e Effects are however large enough: a consistent inclusion
of bulk 1s warranted.

o g(T) etc..
)
e Bulk visc. 1s consistent with hadronic data

X2

BROOKHFAVEN J.-B. Rose, MSc 2014 (McGill) o o o o5 0z s o
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MORE ON THE HYDRO MODELLING AND PHOTON

PRODUCTION

T 7+t =2no" -

—7 "0
3

Can the relaxation time be changed? Does
this affect anything?

What about 71'5 Y9

0.4
0.35 -
0.3 -
0.25 -

0.05

BROOKHIAVEN
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0.15
01 f

Charged hadrons

PHENIX —— ]
Tn= 3“/(8+P) .......... _
Tn=1 ON/(e+P) «wvvvenns _

! li“"““
‘\i"ux.\-“ '6‘-'“‘: Yo ®
wig?t “J“
it
et g
2ot
o
;'V‘.
a“v
.v‘"‘
'}“‘
.....................
0 0.5 1 1.5 2
pt (GeV/c)

Au+Au, 200 AGeV
20-40%

0.4 g
0.35 -
0.3 -
0.25 -
oz |
0.15 -
o1 |
0.05 -

Vujanovic et al., arXiv:1404.3714

Charged hadrons

PHENIX ——
Initial ©"V= 0 w-seeee-
Initial TCLW=27'C“VNS """""" _

n,.“\‘ﬂ"“_:
na«f."“:m“' . *
LAY
g™
."'gnﬂl-'
e
. —
L
"‘
)“""‘
*_,v'
it
-
....................
0.5 1 1.5 2
pt (GeV/c)
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MORE ON THE HYDRO MODELLING AND PHOTON
PRODUCTION, PART II

QGP+HM QGP+HM
0.14 - IIIIIIIIIIIIIIIIIIIIIIII TTI;= 3n/(é+P) I —_ — 014t |hi;[ié|lnlul\’l=(l) IIIII — _
Tp= ON/(E4+P) wseeeeeee- Initial V=2 Vg e
0.12 T=10M/(e+P) wvvieens 0.12 £ E
0.1 ] '
> 008}
>
0.06 3
0.04
0.02 |
0 3
* Photons are sensitive to early time dynamics; hadrons less so
* Those extra dimensions are not typically explored in hydro
Vujanovic et al., arXiv:1404.3714
35
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THERMAL PHOTONS AS A THERMOMETER

Suppose a stakic source at %@.mperaﬁur@. T:

Side view

Read off the temperature from the exponent

Bﬂﬂgklﬁz’ﬂl

NATIONAL LABORATORY

Charles Gale .




Suppose an expanding source at local temperature T:

Side view

o}
i
~

Doppler shift
Vi-v (Dove

The effective temperature (deduced from the slope)
is not the true temperature

BIIO?KII/M"EN

NATIONAL LABORATORY
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STUDYING THE DIFFERENTIAL TEMPERATURE DISTRIBUTION
WITH A REALISTIC FLUID-DYNAMICAL CALCULATION

I3.2
2.8

12.4

12.0

L«  RHIC

11.2

0.8

0.4

0.0

7 (fm/c)

dN" | dydTdr
dN" | dy

The 3rd dimension is

38
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STUDYING THE DIFFERENTIAL TEMPERATURE DISTRIBUTION
 CULATION

WITH A FLUID-DYNAMICAL CA

0.45]
0.40|
< 0.35
G
< 0.30
E;D
0.25
0.20
0.15
2 4 6 3 10
T (fm/c)
range of photon |fraction of total photon yield
emission AuAu@RHIC| PbPbQLHC
0-20% centr. | 0-40% centr.
A Summarv: T = 120-165 MeV 17% 15%
T = 165-250 MeV 62% 53%
T > 250 MeV 21% 32%
7=0.6—2.0fm/c 28.5% 26%
A RO T 7> 2.0fm/c 71.5% 74%

2.88

2.52
s LHC
11.80
11.44

11.08

0.72

0.36

0.00

Photons can be used as a
thermometer

T>T. is reached

A model is needed to
extract the details



THERMAL PHOTONS AS A VISCOMETER

R I, + ~ " (p,T)
— P Shen, Heinz, Paquet, Kozlov, Gale, arXiv 1308.2111
g " 2e+P) ™ ]
0.04| O-Zb%@RI-IIIC | 1 20-|40%@R|H|C | 1 O-4b%@LI—iC | 1

MCGlb. n/s=0.08
(a)

BROOKHIAVEN
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MAXIMIZING THE EFFECT

B8 MCGIb. n/s=0.08 thermal photon * SLOPQ 0'{: T'OL&E,O V3 ﬁ@.ﬂ&f&ti&v ST'ONS

6l @ MCGIb. n/s=0.20 thermal photon | wikh VﬁSﬂC}SE‘&j
&k -A MCGIb. n/s=0.08 thermal =~

5| ¥ Y MCGIb. n/s=0.20 thermal =

B * The ratic has stronger centrality
=4 dependence than for hadrons:
i i d - [ d
7 3l | Pka&ons access earlier btimes wikth
N .
~~ | e ., -1 larger viscous tewnsor
S 2 ___________
_-mlls k-
pea=sh e
1t thermal photon: 1 < p, <4 GeV | * This rakio is insensitive to sources
+ . . .
thermal 772 0.3 < pr < 3.5 GeV with a vanishing vi such as pre-
0

0 5 10 15 20 25 30 35 40 equilibrium & pQCD
centrality (%)

41
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WHAT ABOUT DILEPTONS?
Additional deqree of freedom: M and pr may
be varied independently
Same approach as for photons: integrate rates
wikh hvdro

E T | T T T T | T T T T T ?
© o . ]
=) n°,n Dalitz-decays 3
p -
© E
1

.

E

E

<

g 4

Drell-Yan 3

E_ Low- Intermediate- High-Mass Region ?

- >10fm i >1fm <0.1fm 3

E [l [l [l [l | [l [l [l [l | [l [l [l [l | [l [l [l [l | [l [l [l [l E

0 1 2 3 4 5

mass [GeV/cz]
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THERMAL DILEPTON SOURCES, QGP

HTL at zero momentum: Braaten, Pisarski and Yuan, PRL (1990)
2-loop, p=0, E>>T: Majumder and Gale, PRC (2002)
HTL, M~gT, E>T: Aurenche, Gélis, Moore, Zaraket, JHEP (2008)

HTL at finite momentum:

— T T T T " — T T T T T ] 1e-05 F ' 3
10'12 p=4 GeV - 1-loop, no HTL - - dN+/de dp
T=0.3 GeV — — pole-pole, 1+q =7 3 1e-06 ¢ p=0
; T cupole 1e-07 | BW-continuum: ©y/T=0, A,/T=0 '
BEY T . . — . pole-pole, 1 e-07 + L y/T=0, AyT=0 ———
m,g* 10 13;‘ N i setan il AU ‘ wy/T=1.5, A,/T=0.5 _
= 3 oK TS _— * Thoma-Traxler 1e-08 | HTL ——
2 a7 N : Born '
210 E T ° 1e-09 |
[ F . N [
S I N .
15 I I \ 1e-10 +
107F ! N |
: 11l
| N N 1e-11}
10—16 |.’ ol N DN a2 . . . . o/T
04 08 12 1.6 2 24 28 32 3.6 4 0 > . 5 s 10
M (GeV)
. . . Ding et al., PRD (2011
Turbide, Gale, Srivastava, Fries PRC (2006) 5 ( )
No single calculation covers the entire dilepton kinematical phase space
M. Laine, JHEP 11, 120 (2013)
BROOKHPAVEN M*> > Ty ,p#0 Charles Gale
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Non-perturbative calculation:
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THERMAL DILEPTON SOURCES, HG

HG contribution: calculate the in-medium vector
spectral density:

Many-Body approach with hadronic effective Lagrangians
Rapp and Wambach, ANP (2000)

Empirical evaluation of the vector mesons forward-
scattering amplitudes

,,(E.p)=—4x |

d’k Js

S
any O

Jar (5)

E. Shuryak, NPA (1991)
Eletsky, Ioffe, Kapusta (1999)
Vujanovic, Gale (2009)

Chiral Reduction formulae B

Yamagishi, Zahed (1996) TR
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DILEPTONS, THE STORY AS OF A FEW YEARS AGO

m T T T | T T T | T T T | T T T | T T T | T T T T T T T T A T
> 10‘1L (b) min. bias Au+Au \/s,, =200 GeV = 107" Minimum Bias Au-Au Cf‘;kt?g i
|<£ * DATA  ..cc- ee (PYTHIA) R.Rapp & H.vanHees - e '
& ----- cC — ee (rndm corr) .o kil 1 . Data —e—
8 102" IVL <0.35 ---sum w/ p vacuum 3 — 1 0-2 i
< - WPy 0.2 GeV/c —sum w/ p broadening ‘_>
g B — partonic yield (PY) | Q
W 10° = 2 3
a f 1 =10 :
pa B ] e,
— - ] =
> 10*E = o - !
® = = -4
(&2 C B 1 O . E
8 - L i
810°L
% 10 g - i
2 0_"'I 1 Iol2 1 1 1 0|4 1 1 IO|6 1 1 1 0|8 1 1 1 4 1 1 1 2 10- L L L
= - - - 8 Tcevid 0 02 04 06 08 1 12 14
M [GeV]
van Hees, Rapp (2010) Dusling, Zahed (2009)
1o min. bias Au+Au, 5" =200 GeV
e %

COE HSD:

W 10 % —— free spectral functions

) 3 collisional broadening

= , . —— dropp. mass + coll. broad.

= 1w WD

et = 50 . .

z i~ @ f , Bratkovskaya, Cassing, Linnyk

-— T A \‘ ﬂ*\ =% i "

Z 1 : HE: 3 (2012)

E ) "'I-..‘_._l h
é i L -
= w i
@ PHENIX
" 1 " 1 " 1 M 1 " 1 "
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Dileptons, some recent results from STAR

!

STAR Preliminary

| ' ! ' |

Au+Au 200 GeV Central |

p‘T*>0.2 GeV/c, n°|<1

N oo

J/y, ', bb, DY
¢T PYTHIA 0.96mb

—— Cocktail Sum

1071 L
10-5__ ,: f
5 . e : —
S o[ phet
L\% 2_— - * +¢ _+_ _+_ _
B Rl il Sinsa
°=% 1 2 3 4
Mass(e'e’) (GeV/c?)

High mass req

sensitive to heavy quark enerqgy

lon and vy,

loss n the F:Lasma

BROOKHIAVEN
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G. Vujanovic et al.,PRC (2014)

- — - Open Charm w/ Langevin dynamics (0-10%) TN
- — - Open Charm rescaled from p+p (0-10%)

— — STAR Cocktail (0-10%)

Total: Cocktail+Viscous Thermal+Open charm w/ Langevin
Total: Cocktail+Viscous Thermal+Open Charm rescaled pp
x  STAR data

74 I N R
10 704 06 08 1

0.02

0.015

N

> 0.01

0.005

0

A R SR B
12 14 16 18 2
M (GeV)

— |- — Charm w/ Langevin 7

1 T 1 T 1 T 1
— Viscous HG + QGP
— Viscous HG + QGP + Charm w/ Langevin
— Viscous HG + QGP + Charm rescaled p+p




2GeV, Prs b=7fm)

v, (M=

THERMAL DILEPTON V2 WITH VISCOUS EFFECTS
DILEPTON V2? [R. CHATTERJEE ET AL., PRC (2007)]

0.05

-+ Ideal HG
- Viscous HG with viscous corrections
Ideal QGP

Viscous QGP with viscous corrections
Ideal HG + QGP

0.025 T

0.02

o
o
=
W

=
S
—

0.005

Viscous HG + QGP with viscous corrections | .- ’

-+ Ideal HG (rescaled by 0.05)

- Viscous HG with viscous corrections (rescaled by 0.05)

Ideal QGP
Viscous QGP with viscous corrections
Ideal HG + QGP

Viscous HG + QGP with viscous corrections

.
o
.
W
W

.

n° n Dalitz-decays

dN,, / dydm

Drell-Yan

Intermedifite- High-Mass Region
>1fm <0.1fm

1 1 1 1 : 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0 1 2 3 4 5

mass [GeV/c?]

Low-
>10fm i

Low M: HG-dominaked
High-M: Q&GP dominated

No open charm here

va(pr) for different M's contain
info on the transition regime
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Viscous effects are moderate
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CONCLUSIONS

The status of EM rates and their integration in fluid
dynamical models is still in flux

The fluid dynamical paradigm is not yet established

Photon vz is sensitive to the EOS, and to various
hydro parameters such as viscosity, and initial
conditions (time and FICs). One must be consistent
with hadronic data

Photons and dileptons are sensitive to non-equilibrium
effects (in addition to shear viscosity)

Current vz data: new physics? Measuring photon vs, v,
at RHIC and LHC will help complete this picture

Physics in dilepton v
Jet-plasma photons need to be included: MARTINI
Known unknowns: pre-equilibrium radiation

BROOKHIVEN Charles Gale .
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